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A B S T R A C T 
This report contrasts the morphological changes in the embryos of Japanese quail 
(Coturnix coturnix japonica) developed under varying environmental conditions. The 
control group was lost due to the failure of the thermostat of one incubator, introducing 
the variable of temperature variance. Despite this issue, the experiment was continued 
using previously published staging markers as a control. Embryos were incubated in two 
separate containers, divided into one of three groups as follows: (A) varied temperature, 
rotated twice daily in normoxia ( - 2 1 % O2); (B) varied temperature, unrotated in 
normoxia ( - 2 1 % O2); and (C) constant temperature, rotated twice daily in hypoxic 
conditions ( - 1 5 % O2). All developmental stages and morphology were compared to that 
of documented normal embryonic Japanese quail. Embryos were staged according to 
previously described defining developmental markers. The embryos were then 
photographed and measurements of beak length and third toe length were taken. 
Embryonic samples were taken at days 2 and 4-16. The variation in temperature during 
incubation showed significant stunting of development on the embryos in group A, which 
had the highest development rate. The non-rotated eggs, group B, demonstrated high 
rates of death and no embryonic presence despite egg fertilization. Embryos developed 
under hypoxic conditions showed stunting and higher rates of death and morphological 
defect than either group A or B. Exposure to a hypoxic atmosphere or the absence of 
rotation significantly decreased the embryonic survival rate of C. coturnix japonica, 
while variation in temperature showed only the stunting of development. 
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I N T R O D U C T I O N 
Resea rch Se tbacks 
M y original project, the examination of the use of body wall musculature by 
Xenopus laevis to control locomotion in water was stopped after two semesters of 
preparation. The researcher I was working closely with had family and career changes, 
forcing a redirection of my efforts. With regards to this experiment, the unforeseeable 
mechanical failure of the thermostat on incubator 1 caused the loss of the control group. 
The control group was thus replaced by published staging characteristics; all of the 
results of this experiment are based on the assumption of the correctness of the staging 
proposed by Ainsworth et al. (2010). 
E n v i r o n m e n t a l Effects on Pheno typ ic Plast ic i ty 
Throughout the course of evolution the environmental conditions that extinct 
vertebrates were exposed to have shaped the developmental trajectories for their 
descendants today. The alteration of expressed phenotypes as a result of the environment 
was first described as phenotypic plasticity by Gause (1947). Falconer (1952) proposed 
the hypothesis that gene expression, not exclusively phenotype is variable based on the 
environment. Phenotypic plasticity has been demonstrated experimentally in various 
environmental settings. In the domestic chicken (Gallus gallus domesticus) the 
chorioallantoic membrane increases its shell coverage from 3 5 % to 100% between days 6 
and 12, (Ackerman and Rahn, 1980). It has been shown that under conditions of hypoxia 
the density of the capillaries increases in the chorioallantoic membrane of the domestic 
chicken (Dusseau and Hutchins, 1988). Dzialowski et al., (2002) have reported that 
despite this density increase in capillaries, the development of the chorioallantoic 
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membrane may be inhibited. This change in environmental conditions during incubation 
has significant effects on the development of the embryo. Changes in oxygen levels are 
one of many environmental variables that can affect countless species in any number of 
ways. The hypothesis that the developmental environment can directly affect the 
expression of genes to produce phenotypic variation is the foundation of this experiment. 
Oxygen Levels 
Variation in the Ear th 's atmospheric oxygen levels throughout vertebrate history 
has been hypothesized to have provided directional selection in the evolution of ancestral 
and modern vertebrates, manifested in behavioral modifications and morphological 
adaptations, such as the avian and mammal ian lung (e.g., Berner et al., 2007; Farmer, 
2010). The effects of hypoxia on the development of chick embryos have been studied 
and were reported as a significant cause of spontaneous mutations (Grabowski et al., 
1969). Additional reports presented by Dzialowski et al. (2002) also demonstrated that 
the physiological and morphological developmental processes of chicken embryos were 
significantly modified when incubated under conditions of hypoxia. Mutations caused by 
environmental hypoxia may have been a contributing factor in archosaur evolution during 
the Late Triassic when atmospheric oxygen levels were hypothesized to have been as low 
as 12% (Berner et al., 2007; Farmer, 2010) (Fig. 1 Interval 11). 
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Figure 1. Percentage of atmospheric oxygen throughout Ear th 's history. Numbers 
represent major events in vertebrate evolutionary history. Image from Berner et al. 
(2007). 
R e s e a r c h Aims 
In order to begin to understand how varying oxygen levels affected the evolution 
of extinct taxa, experimental studies are necessary to investigate the effects of oxygen on 
development of extant organisms. This study examined the external morphological 
markers of developing Japanese quail embryos under varied environmental conditions, 
including hypoxia. This experiment aims to examine the effects of a few of these 
potentially detrimental conditions by varying the temperature, leaving a group of eggs 
unrotated, and developing one group under hypoxic conditions. The effects of hypoxia, 
temperature, and rotation on quail development will provide insight into the adaptations 
and parental care behaviors present in the Japanese quail, with the potential to shed light 
on avian evolution and possibly more basal archosaurian taxa. 
W h y Qua i l ? 
Figure 2. Male and female adult 
Japanese quail. 
Coturnix coturnix japonica (Fig. 2) is commonly known as the Japanese, Asian 
Migratory, Coturnix, Stubble, or Pharaoh quail (Varghese, 1984; Grimmett et al., 1999; 
Grewel, 2000). The Japanese quail originates from eastern Asia and was historically 
spread throughout Europe and Africa (Grimmett et al., 1999; Grewel, 2000). Wild 
populations, now few in number, breed in the northern regions of Japan, Mongolia, China 
and North Korea, which are all representative of a temperate climate (Grewel, 2000). 
These populations migrate to the tropical climates of southern Japan, China, and South 
Korea for the winter. During the 12 t h century the quail was introduced in Japan where it 
was initially domesticated and raised primarily as a song bird (Varghese, 1984). By the 
early 1900's the quail were being bred for both their eggs and meat (Varghese, 1984). 
Today the Japanese quail is bred worldwide, largely by amateur breeders, in a similar 
capacity and is increasingly used as a model organism in scientific research (Wilson et 
al., 1959; Opel, 1966; Domjan et al., 1986; Jones et al., 1991). 
For many years developmental researchers have primarily used the domestic 
chicken (G. gallus domesticus) as the avian model organism in developmental research 
(e.g., Mahmood et al., 1995; Crossin et al., 1986; Rogers, 1995). However, there are 
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multiple drawbacks to using the chicken as a laboratory animal, including long 
incubation and generational t imes, as well as a large mature body size, which require 
substantial amounts of animal husbandry (Poynter et al., 2009). The Japanese quail and 
the domesticated chicken are both members of Phasianidae (Poynter et al., 2009). As a 
result of their common evolutionary history the two taxa are genetically very similar. Due 
to the small size at adulthood, rapid sexual maturity, and abundant egg output, the 
Japanese quail are a practical alternative to the domestic chicken as a laboratory research 
animal (Poynter et al., 2009). The largely corresponding genomes of these taxa allow for 
the construction of transgenic birds and quail-chick transplant chimeras (e.g., Poynter et 
al., 2009; Poelmann et al., 1993). Japanese quail were ultimately selected for use in this 
experiment because of their short incubation time, ease of obtainment, and the relative 
lack of published information regarding quail development. 
N o r m a l Aspects of I n c u b a t i o n 
As a largely domesticated species, the Japanese quail can lay as many as 300 eggs 
per year; however, domesticated females generally will not brood their eggs (Hess et al., 
1976; Shim et al., 1983; Brown, 1995). In the wild, females produce clutches of five to 
twelve eggs and will incubate the clutch themselves (Shim et al., 1983). As the majority 
of Japanese quail are now domesticated and raised under artificial conditions, the 
following guidelines have been composed from various online breeding sources 
(including the breeder and supplier of the eggs used in this study): Wilson et al. (1959); 
N R C (1969); Woodard et al. (1973); Varghese (1984); Brown (1995). Incubator 
temperature should be kept between 98.5 and 100.5 °F; however, some breeders suggest 
that the range should be as narrow as 99.5 to 99.75 °F. After one day of settling in the 
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incubator, eggs should be rotated 180° two to three times daily, until day 14 of incubation 
to allow the chicks to prepare to pip (break the shell) and hatch. Eggs generally hatch 
after 16 to 17 days of incubation, but may hatch as early as 14 and as late as 19 days after 
incubation begins. Most breeders acknowledge temperature fluctuations and poor 
parental genetics as the most common cause for incorrectly developed chicks. 
Additionally, humidity levels, lack of rotation, and oxygen deprivation are mentioned as 
detrimental to development by both breeders and researchers (Wilson et al., 1959; NRC, 
1969; Woodard et al., 1973; Varghese, 1984; Brown 1995). 
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M A T E R I A L S A N D M E T H O D S 
IPX Phosphate Buffered Saline (PBS), pH 7.4 
Prepared as follows: 
1. Dissolve 80 g of NaCl (Mallinckrodt), 2 g of KC1 (Mallinckrodt), 14.2 g of 
N a 2 H P 0 4 (Mallinckrodt), and 2.4 g of K H P 0 4 (Mallinckrodt) in 800 m L of 
MilliQ-filtered water. 
2. Titrate pH to 7.4 using 1M HC1 (Mallinckrodt). 
3. Transfer to 1L flask; adjust volume to 1L using MilliQ-filtered water. 
4. Sterilize via autoclave. 
5. Solution stored at room temperature. 
6. Dilute stock solution with MilliQ-filtered water to make I X PBS, pH 7.4, as 
needed. 
4 % Paraformaldehyde (PFA) 
Prepared as follows: 
1. Prepare 500 m L of I X PBS, pH 7.4, using MilliQ-filtered or other high-quality 
water. Sterilize PBS solution via autoclave. 
2. Paraformaldehyde is highly toxic, remaining steps to be conducted under fume 
hood. 
3. Combine PBS and 20 g Paraformaldehyde powder (Sigma-Aldrich), stored at 
4°C, in a 1 L flask with clean stir bar. 
4. Stir mixture while applying heat. The powder will dissolve very slowly at first, 
but more quickly as the temperature approaches 65°C. Do not allow temperature 
to exceed 65°C. 
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5. When the temperature reaches 65 °C, turn off the heat and stirrer. There may still 
be a small amount of un-dissolved powder. Allow the un-dissolved powder to 
sink to the bottom of the flask. 
6. Decant the solution into 50-mL conical tubes. The solution will expand when 
frozen, so decant no more than 40 m L per tube. 
7. If solution is to be used immediately, place tube(s) on ice. Otherwise, store the 
tubes at -20°C for up to a year. Thaw solution for use within 24 hours. Excess 
solution discarded in Formaldehyde waste container for special disposal, do not 
re-freeze thawed solution. 
2 5 % Methanol/PBS fv/v) 
Prepared as follows: 
1. 500 m L stock solution prepared for stepwise dehydration washes. 
2. Combine 125 m L of C H 3 O H (Mallinckrodt) with 375 m L of I X PBS, pH 7.4. 
3. Solution stored at room temperature. 
5 0 % Methanol/PBS fv/v) 
Prepared as follows: 
1. 500 m L stock solution prepared for stepwise dehydration washes. 
2. Combine 250 m L of C H 3 O H (Mallinckrodt) with 250 m L of I X PBS , p H 7.4. 
3. Solution stored at room temperature. 
7 5 % Methanol/PBS (V/v) 
Prepared as follows: 
1. 500 m L stock solution prepared for stepwise dehydration washes. 
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2. Combine 375 m L of C H 3 O H (Mallinckrodt) with 125 m L of I X PBS, pH 7.4. 
3. Solution stored at room temperature. 
Incubators (2) 
Lyon Electric Company: Marsh Automatic Incubator. Model Number: RX2TT. 
Nikon D300 DX 12.3MP Digital SLR Camera with a Nikon AF-S Micro N I K K O R 
60mm 1:2.8 G ED Lens. Images edited in iPhoto and Adobe Photoshop programs. Quail 
specimens were photographed after preservation in 4 % PFA. 
Coturnix coturnix japonica Eggs 
All eggs (Fig. 3) were obtained from Furbelow Farms (Gum Spring, VA) . Eggs 
were washed prior to shipping and inspected for damage on arrival. Eggs were kept at 
room temperature for 24 hours prior to incubation. 
I n c u b a t i o n 
All handling of eggs was performed using latex or nitrile gloves to prevent the 
clogging of shell pores from oils present on human hands. All eggs were incubated in one 
of two identical Lyon Marsh Automatic Incubators. Incubators were plugged in for 8 
Camera 
Figure 3. Coturnix quail eggs 
(small and spotted) compared to 
chicken eggs (large and 
opaque). 
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hours of temperature control prior to the eggs being set. Both incubators were initially set 
at 99.5 °F, the optimal temperature for quail incubation, with the recommended 
temperature range 98.5 to 100.5 °F. Several petri dishes filled with distilled water were 
placed in each incubator to maintain high levels of humidity. Eggs were separated into 3 
groups randomly and marked using a lead pencil. Group letter and egg number were 
labeled on one side and an ' x ' marked with pencil on the opposite side allowing for more 
precise rotation of the eggs. Groups A and B were kept in one incubator while group C 
was kept in the other. All eggs entered their respective incubators and were left 
untouched for 24 hours, allowing the eggs to settle and begin development. 
I n c u b a t o r 1: Most of the holes of the incubator housing groups A and B were left 
open to the room to keep the eggs exposed to conditions of normoxia ( - 2 1 % oxygen). 
Four small holes on the lid above the fan of the incubator were covered with duct tape to 
prevent rapid heat loss in the incubator. Additionally, more petri dishes were present in 
this incubator as humidified air was not being pumped in. Due to thermostat malfunction, 
the temperature of this incubator was adjusted above and below the suggested ideal 
temperature range for quail eggs (98.5-100.5 °F), in addition to constant periods within 
this range (Fig. 4; 6). 
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Embryonic Day (0-16) 
Figure 4. Temperature of Incubator 1 which contained groups A and B was varied 
randomly with periods of time at, above, and below the ideal incubation temperature 
range of 98.5-100.5 °F. The average temperature across the 16 days of incubation was 
98.61 °F. 
G r o u p A: After the initial 24 hours of settling, each egg was rotated by hand 
180° every twelve hours. Rotation was stopped at day 14 of incubation to allow 
the eggs to position themselves for hatching as per normal hatching protocols, 
although no eggs were allowed to hatch. 
G r o u p B : After the initial 24 hours of settling, these eggs left ' x ' side up were not 
rotated at anytime. The only movement of these eggs was a result of their removal 
from the incubator for embryo collection. 
I n c u b a t o r 2 : The incubator housing group C was sealed using weather stripping 
beneath the lid, gap sealant in any holes (Great Stuff), duct tape over all holes and around 
the edges and lid of the container, and the corners of the lid were clamped down. Gas 
measuring 14.92% oxygen balanced with nitrogen (Airgas) was then pumped through 
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tubing connected to a Flowmeter (Gilmont) and an Erlenmeyer flask with distilled water 
to ensure humidified gas was flowing constantly into the incubator. Completely sealing 
the hypoxic incubator would not be possible; however, the creation of a positive pressure 
inside the incubator would ensure that the environment remained hypoxic. The seal was 
tested using foaming glass cleaner to see bubbling of the foam where gas was escaping, 
suggestive of a positive pressure. This showed bubbling of the foam at areas of gas 
escape, present at a few places in the lid. This bubbling was the result of a slow leak of 
gas leaving the incubator, not entering. The temperature of this incubator was kept 
constantly within the recommended range of 98.5 to 100.5 °F (Fig. 5; 6). 
I n c u b a t o r 2 T e m p e r a t u r e ( ° F ) v s C o n t r o l 








Embryonic Day (0-16) 
Figure 5. Temperature of Incubator 2 which contained group C was kept constant at 
approximately 99.5 °F (average temperature across the 16 days of incubation was 99.49 
°F), consistently within the ideal range of incubation. 
G r o u p C : After the initial 24 hours of settling, each egg was rotated by hand 
180° every twelve hours. The only time this incubator was unsealed and opened 
was for egg rotation and removal, totaling less than five minutes per day of 
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exposure to the room atmosphere. Rotation was stopped at day 14 of incubation to 
allow the eggs to position themselves for hatching as per normal hatching 
protocols, although no eggs were allowed to hatch. 
I n c u b a t o r 1 T e m p e r a t u r e ( ° F ) v s 







Embryonic Day (0-16) 
Figure 6. Direct comparison of the temperature ranges of each incubator. 
E m b r y o R e m o v a l 
Upon removal from the incubator, each egg was massed and candled, described 
below. Candling of the egg was done in a dark room using a high intensity light shone 
upward from directly beneath the egg. The egg was held between the thumb and first 
finger and gently rotated to identify the location of the embryo (visible as a dark cloud in 
the egg). Unfertilized eggs did not diffract the light and the egg appeared to glow yellow. 
Fertile eggs diffracted light significantly and glowed red. The location of the embryo 
was marked as a large oval using a lead pencil. The egg was then cut open using scissors 
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around the oval, so the embryo would be unharmed and immediately accessible. The cut 
portion of shell was then placed in a tared Ziploc bag. The embryo, if present, was 
removed from the shell and placed in a petri dish of cold (~4 °C) phosphate buffered 
saline (PBS) solution. Any membranes or vasculature attached to the embryo were 
dissected away. The embryo was then placed on a slide or a smaller petri dish for staging 
again in cold PFA. All egg contents (yolk, allantois, vasculature, and membranes) were 
put into a clean, tared Ziploc bag. The remainder of the now clean shell was put into the 
shell bag. Both shell weight and shell contents were massed and then frozen at -4 °C. 
E m b r y o S tag ing 
All of the results of this experiment are based on the assumption of the 
correctness of the staging proposed by Ainsworth et al. (2010). The developmental 
patterns (Table 1) set forth in their publication are used as the control group for these 
variable-environment experiments. Embryos were examined under a microscope 
(Spencer) using the lOx magnification early in development or a dissecting scope (Wild 
M3B) using the magnification settings of 6,4x a n d l 6 x as the size of the embryos 
increased. Embryos were staged immediately after their removal from the shell. Small 
embryos were placed on slides and larger embryos in petri dishes, both in cold PBS 
solution. Embryos were examined for physical characters consistent with the previously 
described staging markers. Measurements of beak and third toe length were taken under 
the dissecting scope using a segment of a flexible ruler (mm). The description of stages as 
described by Ainsworth et al. (2010) is listed in Table 1. The identifying markers after 
day 8-9 of incubation are based solely on pigmentation patterns of feathers and beak and 
third toe measurements. All of these characteristics exhibit some variance from embryo 
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to embryo, regardless of the environmental conditions during incubation. This made 
tracking the staging of the quail at late stages of development more difficult in all three 
groups. 
Table 1. Description of stage and physical markers according to incubation time from 





Key identifying features 
4 1 8 - 1 9 h Primitive streak is fully elongated 
5 19-22 h Notochord is visible 
6 2 3 - 2 5 h Head fold is apparent 
7 2 3 - 2 6 h One somite evident 
8 2 6 - 2 9 h Four somites evident 
9 2 9 - 3 3 h Seven somites evident 
10 3 3 - 3 8 h 10 somites evident 
11 4 0 - 4 5 h 13 somites evident, heart bent to right 
12 4 5 - 4 9 h 16 somites evident and optic stalk apparent 
13 4 8 - 5 2 h 19 somites evident 
14 50 -53 h 22 somites evident. First and second branchial arches visible 
15 50 -55 h 2 4 - 2 7 somites evident. Third branchial arch is defined 
16 5 1 - 5 6 h 2 6 - 2 8 somites evident. A thickened ridge defines the first 
appearance of the wing bud. N o evidence of the leg bud at 
this stage 
17 5 2 - 6 4 h 29 -32 somites evident. Presumptive leg bud is visible and the 
wing buds have expanded slightly 
18 72 h Allantois is first apparent. Amnion usually closed 
19 3 days Maxillary process becomes distinct. Eyes remain un-
pigmented 
20 3.5 days Allantois is more obvious as it has become vesicular. Faint 
eye pigmentation visible 
21 3.5 days Maxillary process exceeds mandibular process in length 
22 4 days Eye pigmentation distinct 
23 4 days Limb buds are equal in width and length 
24 4 days Limb buds greater in length than width 
25 4.5 days Elbow and knee joints distinct 
26 4 .5 -5 days Demarcation of toes 
27 5 days Presumptive region of beak can be identified 
28 5.5 days Beak outgrowth is distinct 
29 5.5-6 days Bend at the wing elbow visible. N o egg tooth apparent 
30 6-6.5 days One to two scleral papillae are visible. Egg tooth is present 
31 6.5 days Six scleral papillae evident 
32 7 days Six to eight scleral papillae evident. Toes have lengthened 
and become more obvious 
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33 7 days 13 scleral papillae evident 
34 7.5 days Differential growth of second and third toes. 13-14 sclera 
papillae 
35 8-8.5 days Eyelids begin to overgrow surface of eyeball 
36 8-9 days Black and brown pigmentation is first visible. Beak length = 
1.2 mm, third toe length = 3.2 m m 
37 9.5 days Area of black pigmentation has expanded to include the 
forehead and crown. 
Brown pigmentation is now present in the lumbo-sacral 
region. Beak length = 1.5 mm, third toe length = 4.1 m m 
38 9 .5-10 days Black pigmentation visible on lateral aspects of the skull. 
Distinct stripes of brown pigmentation in the lumbo-sacral 
region. Beak length = 1 . 5 mm, third toe length = 4.7 m m 
39 10.5-11 days Noticeable increase in length of all pigmented feather germs. 
Pigmentation patterns expanded in the wing and 
pigmentation first visible microscopically around intertarsal 
joints . Beak length = 2.0 m m , third toe length = 6.0 m m 
40 11 days Pigmented feather germs are present in the periocular region. 
Pigmentation now evident on the feet. Beak length = 2.0 m m , 
third toe length = 6.1 m m 
41 11.5 days White feather germs are apparent throughout the length of the 
embryo and prominent around the eye. Beak length = 2.0 
mm, third toe length = 6.1 m m 
42 12-13 days Pigmentation visible on toes. Beak length = 2.3 m m , third toe 
length = 8.6 m m 
43 14 days Beak length = 2.6 mm, third toe length = 9.4 m m 
44 15-16 days Beak length = 3.0 mm, third toe length = 10.8 m m 
45 16-16.5 days Beak length = 3.5 mm, third toe length = 11.9 m m 
46 16.5 days Hatching 
Fixat ion 
Specimens were fixed in thawed 4 % Paraformaldehyde/PBS (v/v). The head of 
large embryos (Day 8 of incubation or later) was punctured using a scalpel to ensure 
diffusion of PFA. Specimens submerged in PFA were then rocked at 4 °C for one to two 
hours depending upon the size of the embryo. After fixation, the embryo was washed in 
I X PBS twice for 10 minutes at room temperature, with gentle rocking. The specimen 
was then dehydrated via the following stepwise washes. A min imum of 10 minutes at 
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room temperature with gentle rocking once in 2 5 % Methanol/PBS (v/v), once in 5 0 % 
Methanol/PBS (v/v), once in 7 5 % Methanol/PBS (v/v), and twice in 100% Methanol. 
Embryos were then stored submerged in 100% Methanol at -20 °C. 
P h o t o g r a p h y 
Embryos were photographed in a petri dish filled with cold methanol after the 
fixation protocol. The embryos were positioned under an extendable hood to prevent 
inhalation of the methanol fumes. The camera was positioned directly above the embryos 
mounted on a tripod. Lighting was provided by a background fluorescent ceiling light. 
Black cloth was used as a backdrop beneath the petri dish to reduce glare. The scale bar 
used in the photographs was a 3 cm segment of a ruler. Photographs were initially edited 
in iPhoto. Levels of sharpness, saturation, contrast, and exposure were adjusted according 
to visual preference. After photos were imported to Photoshop, all embryos were oriented 
in the same position: facing left, with the feet pointed down. The original background 
was replaced with a solid black background and the scale bar image removed. A new 5 
m m scale bar was then created as part of each background layer. Embryos appeared less 
glossy if they were photographed after being preserved and dehydrated. 
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R E S U L T S 
Table 2. Summary of egg results by group. 
B C T O T A L 
Unfertilized 4 5 4 13 
13.33% 2 9 . 4 1 % 8 .51% 13.83% 
N o Embryo 3 4 6 13 
10.00% 23 .53% 12.77% 13.83% 
Premature Death 4 5 18 27 
13.33% 2 9 . 4 1 % 38.30% 28 .72% 
Alive 19 3 19 41 
63 .33% 17.65% 4 0 . 4 3 % 43 .62% 
(Alive) On Track 3 0 0 3 
10.00% 0.00% 0.00% 3.19% 
(Alive) Stunted 16 3 19 38 
53 .33% 17.65% 4 0 . 4 3 % 4 0 . 4 3 % 
Total 30 17 47 94 






1 Stages Group B 
Observed Stages 
Group C 
1 4-6 - - -
2 6-13 11 - -
3 13-21 - - -
4 22-26 22, 22 - 21 
5 26-29 - 22 22, 22, 24 
6 29-31 25 - 24 
7 32-34 30, 30 - -
8 35-36 - - -
9 36-38 3 5 , 3 5 - -
10 38-39 35 34 35,35 
11 39-41 35 - 35 
12 42 - - -
13 42 - 37 -
14 43 36, 3 7 , 3 8 , 3 8 , 3 8 - 39, 39, 39 
15 44 38, 40 - 39, 40, 40, 42 
16 44-46 4 1 , 4 1 - 4 0 , 4 1 , 4 2 , 42 
18 
Table 4. Comparison of average collected beak and 3 r toe lengths compared to the 









Observed Third Toe 
Length (mm) 
36 1.20 1.00 3.20 3.00 
37 1.50 1.30 4.10 4.00 
38 1.50 1.57 4.70 4.67 
39 2.00 1.97 6.00 5.92 
40 2.00 2.00 6.10 6.13 
41 2.00 2.50 6.10 6.25 
42 2.30 2.45 8.60 8.00 
43-46 - None Collected - None Collected 
Group A: Normoxic, Rotated Twice Daily, Varied Temperature 
Group A contained the highest number of successfully developing embryos with 
nearly two thirds of the eggs pulled containing live embryos (Table 2). This group also 
showed the lowest percentage of spontaneous death among embryos (Fig. 7 A, B). 
Following day 4 of incubation, all live embryos examined showed delayed development 
(Fig. 8 A-C). Stunted embryos exhibited the previously reported staging markers at a 
slower pace (Table 3). Embryos remained smaller, showed fewer feather germs, and had 
shorter beak and third toes lengths (Table 4), well beyond their expected staging 
advancement. As incubation progressed, some embryos were behind by as many as five 
days according to physical markers (Fig. 9 A-C) . Delayed staging was confirmed by 
characters such as: l imb and eye development, feather pigmentation patterns and average 
beak and third toe lengths. The morphological characters of the embryos observed in this 
group corresponded with the Ainsworth et al. (2010) staging despite the delayed 
appearance. 
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Figure 7. Comparison of stages for observed and expected quail embryos. A) Stage 27 (5 
days of incubation) embryo from Ainsworth et al. (2010). B) Stage 27 embryo incubated 
in group A. This embryo died prematurely so it is not known if its growth was stunted at 
the time of its death. 
Figure 8. Comparison of stages for 
observed and expected quail embryos. 
A) Stage 35 (8 days of incubation) embryo 
from Ainsworth et al. (2010). B) Stage 35 
embryo incubated in group A. This embryo 
was incubated for 10 days which should 
correspond to an embryo at stage 38-39. 
C) The expected staging (38) of an embryo 
incubated for 10 days, from Ainsworth et 
al. (2010). 
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Figure 9. Comparison of stages for 
observed and expected quail embryos. 
A) Stage 4 1 ( 1 1 days of incubation) 
embryo from Ainsworth et al. (2010). 
B) Stage 41 embryo incubated in group A. 
This embryo was incubated for 16 days 
which should correspond to an embryo at 
stage 44-46. C) The expected staging (45) 
of an embryo incubated for 16 days, from 
Ainsworth et al. (2010). 
Group B: Normoxic, Unrotated, Varied Temperature 
Group B contained the lowest rate of successfully developing embryos (Table 2). 
Additionally, high rates of embryo death and lack of embryonic development were seen 
despite fertility of the eggs. Fertility was confirmed by the presence of blood vessels 
within the egg and no emergent embryo, whereas unfertilized eggs contained only yolk. 
The three viable embryos collected were also stunted in development by as many as 5 
days (Fig. 10 A-C; Fig. 11 A-C), similar to that seen in group A (Table 3). Each of the 
three embryos displayed delayed physical developments, including the presence of wing 
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bends, differentiation of the toes, and formation of the eyelids. Aside from the slower 
pace, the embryos of group B followed the normal development described by Ainsworth 
et al. (2010). 
Figure 10. Comparison of stages for 
observed and expected quail embryos. 
A) Stage 34 (7 days of incubation) embryo 
from Ainsworth et al. (2010). B) Stage 34 
embryo incubated in group B. This embryo 
was incubated for 10 days which should 
correspond to an embryo at stage 38-39. 
C) The expected staging (38) of an embryo 
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Figure 11. Comparison of stages for 
observed and expected quail embryos. 
A) Stage 37 (9 days of incubation) embryo 
from Ainsworth et al. (2010). B) Stage 37 
embryo incubated in group B. This embryo 
was incubated for 13 days which should 
correspond to an embryo at stage 42. 
C) The expected staging (42) of an embryo 
incubated for 13 days, from Ainsworth et 
al. (2010). 
Group C: Hypoxic, Rotated Twice Daily, Constant Temperature 
Group C demonstrated expected results for embryos developed under hypoxic 
conditions; this group exhibited the highest rate of embryo death and physical 
abnormality (Table 2). Several of the aborted embryos from this group showed 
morphological abnormalities such as: body wall malformations (Fig. 12 B), stunted 
growth (Fig. 13 B), improperly developed eyes (Fig. 14 B), and beak deformation (Fig. 
14 B). Many of the dead embryos exhibited bleeding throughout the body cavity. Only 
one of these abnormally developing embryos was still alive when opened, it was stunted 
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in staging progression and it possessed no eyes or upper beak (Fig. 14 B). All other live 
embryos collected from group C showed stunted growth (Table 3) as many as five days 
behind normally developing embryos (Fig. 14 A-C). 
Approximately 2 0 % of the embryos developed in this group showed blue-green 
coloration inside of the shell, an occurrence not seen in either group A or B. 
Discoloration in eggs was present mostly in embryos that expressed malformations and 
early death (6 of 9 eggs). The coloration was also seen in one egg of each of the 
following: stunted growth, no development, and one unfertilized egg. As only one of the 
eight viable embryos survived, the coloration seen in these hypoxia exposed eggs appears 
to correlate with embryo death. 
Figure 12. Comparison of stages for observed and expected quail embryos. A) Stage 31 
(6 days of incubation) embryo from Ainsworth et al. (2010). B) Stage 31 embryo 
incubated in group C. This embryo died prematurely so therefore it is not known if it was 
stunted in growth at the time of its death. The embryo is positioned so that the body wall 
malformation is visible. The body cavity did not form around the digestive organs 
properly. 
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Figure 13. Comparison of stages for 
observed and expected quail embryos. 
A) Stage 35 (8 days of incubation) embryo 
from Ainsworth et al. (2010). B) Stage 35 
embryo incubated in group B. This embryo 
was incubated for 11 days which should 
correspond to an embryo at stage 39-41 . 
C) The expected staging (40) of an embryo 
incubated for 11 days, from Ainsworth et 
al. (2010). 
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Figure 14. Comparison of stages for 
observed and expected quail embryos. 
A) Stage 40 (11 days of incubation) 
embryo from Ainsworth et al. (2010). 
B) Stage 40 embryo incubated in group B. 
This embryo was incubated for 16 days 
which should correspond to an embryo at 
stage 44-46. Spontaneous mutation of 
facial morphology is readily expressed by 
this embryo. The eyes did not form 
properly, neither did the upper beak. 
C) The expected staging (45) of an embryo 
incubated for 16 days, from Ainsworth et 
al. (2010). 
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D I S C U S S I O N 
T e m p e r a t u r e 
The effect of varied temperature on the development of embryonic quail was 
determined as a comparison between each of the three groups (Fig 6) and staging 
presented by Ainsworth et al. (2010). When compared to group B which shared the same 
temperature conditions, without rotation the very low development rate of 17.65% 
suggests that the temperature was not the main effector of group B. Additionally group C 
which was not exposed to varied temperature had a success rate of 40.43%o, again lower 
than that of group A. Although the developmental rate was high, the variance of 
temperature during incubation resulted in stunted embryo growth; late stage embryos 
were behind by as many as five days in staging. A possible explanation for the stunting 
due to temperature variance may be found in enzyme function. The variance in embryo 
temperature may alter the temperature of all biological processes occurring in the 
developing embryo. Due to the highly specific nature of enzymes, any deviation from 
optimal temperature may change the rate of enzyme activity (Berg, 2006). Temperatures 
too cold may result in slowed rates of activity, while if too hot, the enzyme may become 
denatured and no longer function properly (Berg, 2006). This lack of enzyme function 
could cause a decrease in the rate of metabolic function and cell growth, both of which 
could be causal of the stunted growth seen in group A. The stunted growth stages are 
seen beginning after day four, which coincides with stages of further organ development 
and body enlargement. Variation in the incubation temperature causes stunted growth in 
quail embryos. 
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Rota t ion 
The need for rotation of the eggs during incubation was tested by group B. 
Groups A and C were both exposed to additional variables but shared rotation of the eggs 
twice a day as a control; both groups showed much higher rates of successful 
development. Group A ' s live development rate was nearly four times higher than the 
non-rotated eggs under otherwise identical conditions in the same incubator. The lack of 
rotation in group B appears to have a significant effect on the development of the 
embryos. Based upon the high percentage of fertile eggs which developed blood vessels 
but no embryo in this group, I hypothesize that rotation aides in the attachment of the 
embryo to the shell vasculature, specifically the chorioallantoic membrane. The quail that 
did develop from this group appeared to follow the same pattern as group A, developing 
without mutation but slower than average. In keeping with the hypothesis formed, it is 
simply a chance occurrence that these developing embryos were set in the incubator in 
such a way that the embryo was able to attach to the vasculature. This shortcoming would 
explain the significantly lower rate of development. As for the premature deaths of nearly 
3 0 % of these embryos, all of these deaths occurred by day 5 of development, just prior to 
major body growth. At these stages, the embryos are still quite small; the lack of rotation 
may have prevented sufficient blood flow due to a weak or misaligned attachment or 
growth of vasculature away from the embryo inhibiting the blood flow necessary for 
further growth. The contrast in successful development between group A, which was 
rotated and group B which was not, strongly suggests that rotation of the eggs plays a 
large role in the early development of the quail embryo. 
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Hypox ia 
Group C was the only clutch exposed to conditions of hypoxia; all other 
Ainsworth et al. (2010) environmental variables were left unaltered. As expected many of 
the embryos from this group displayed stunted growth and abnormalities, especially in 
those embryos that died prior to being pulled from the incubator. Of the 18 premature 
deaths in this group, 15 (83%) occurred before day 6. This is very suggestive that oxygen 
deprivation is especially detrimental early in the development of the embryos (Fig. 15; 
16). Development in hypoxia has been shown to alter the following embryonic attributes 
of G. gallus domesticus: body size, oxygen consumption at hatching, physiological and 
morphological trajectories (Grabowski et al., 1969; Dzialowski et al., 2002). The final 
growth of the chorioallantoic membrane occurs between days 6-12 of chick development, 
this corresponds to days 6-10 of quail development (Dusseau et al., 1988; Ainsworth et 
al., 2010). As previously suggested by Dzialowski et al. (2002) despite the formation of 
the capillaries, the overall development of the chorioallantoic membrane may be 
inhibited. Blood flow to the embryo would likely be affected by any altered development 
of the chorioallantoic membrane which could have detrimental effects for the embryo. As 
seen in group A, the major appearance of stunting in the staging of group C is seen after 
day four of incubation. As the embryo ' s size begins to increase rapidly it requires 
additional metabolic resources. If blood flow is lessened or is being shunted away, the 
embryo will not receive the nutrients, oxygen, and metabolic resources required for 
proper growth, a potential cause of the observed stunted development. Development of 
quail embryos under hypoxic conditions ( 1 5 % oxygen) increases the rate of embryonic 
death, morphological abnormalities, and stunted growth throughout the development of 
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the embryo, particularly early in development. These findings confirm many of the same 
results observed in chick embryos incubated under conditions of hypoxia demonstrated 
by Grabowski et al. (1969) and Dzialowski et al. (2002). 
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AGE AT DEATH IN DAYS 
Figure 15. Percentage of embryo deaths corresponding to age in development, under 
normal conditions. Figure from Woodward et al. (1973). 
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Figure 16. Percentage of embryo deaths corresponding to age in development. Groups A 
and B show patterns similar to that of Woodward et al. (1973), while group C has 
significantly more deaths at later stages. Deaths at hatching are not seen in any groups 
because the embryos were not ready to hatch at day 16 due to stunted growth. 
Percentages are inflated due to smaller sample size of this experiment. 
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Limi ta t ions 
Due to mechanical failure, the control group (normoxia ( 2 1 % oxygen), constant 
temperature, and rotated 180° twice daily) of the experiment was lost and all results are 
based on the correctness of the proposed normal staging by Ainsworth et al. (2010). 
While almost all of the eggs received were in excellent condition, they were all 
subjected to the hazards of being shipped across the country. Exposure to x-rays, rough 
handling, and very cold and hot temperatures prior to incubation may have negatively 
affected the development of potentially every egg. Ideally the eggs would have been 
provided by a local breeder; however they were out of season at the t ime of the 
experiment. 
The seal assessment of incubator 2 was not an absolute test, if there was any 
atmospheric air flow into the incubator the actual oxygen levels would have been higher 
than the 1 5 % oxygen being pumped in. 
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C O N C L U S I O N 
The variation of environmental conditions during incubation of C. coturnix 
japonica affected the success of development and caused viable embryos to exhibit 
altered growth patterns. In conditions of variable temperature, the quail exhibited a high 
percentage of survival with slowed growth rates. Eggs incubated under variable 
temperature that were not rotated showed low rates of development when compared to 
that of rotated eggs. Of those unrotated eggs, embryos that did develop displayed stunted 
growth rates. Under conditions of hypoxia ( 1 5 % oxygen), embryos demonstrated high 
rates of premature death, spontaneous mutation, and stunted growth. 
F u t u r e Di rec t ions 
In order to confirm the accuracy of this study, an additional control group will be 
incubated under normal conditions. Quail eggs will be obtained from the same provider 
with all handling and preparation completed as previously described. Eggs will be 
incubated under conditions of normoxia ( 2 1 % oxygen), constant temperature, with 
rotation 180° twice daily. This data set will replace the original control group eliminated 
by the mechanical failure of incubator 1. If the control group embryos display the same 
developmental patterns as the established quail staging provided by Ainsworth et al. 
(2010), this will confirm the results of each experimental group discussed previously. W e 
would also like to examine the incubation of quail embryos under further varied 
environmental conditions. Future variables may include but are not limited to: lower 
levels of hypoxia (12% oxygen), hyperoxia ( - 3 0 % oxygen), variable rotation, and 
consistent incubator temperature at temperatures too high or too low. 
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Based on the findings in group B of this study suggesting the developmental 
importance of rotation in Japanese quail, we intend to examine the importance of rotation 
in other avian taxa. By examining both the evolutionary phylogeny of Aves and the 
possible requirements of egg rotation in many species, we may be able to identify an 
evolutionary origin for this behavior. 
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